The Cooper Ornithological Society is pleased to present the report of the Advisory Panel on the Spotted Owl to the ornithological community. This panel was asked to judge the present status and future probabilities of this owl' s populations with increasing harvesting of old-growth forests in California, Oregon, and Washington. Further, the panel was to suggest research priorities to consolidate the information base on which timber management considerations will be made.
to be prudent are affected by both immediate and longer range considerations. They must not only benefit Spotted Owls in the near-term but also offer a sufficient range of options to respond to any needs for amending management plans that become apparent as information on the bird' s population genetics, demography, and reproductive biology develops further.
The Advisory Panel has relied on a variety of sources in developing the information base used in preparing this report. We have solicited documents concerning the Spotted Owl from a broad spectrum of interested individuals and organizations. These documents include articles published in the open literature, reports, position statements, administrative directions, and memos (Appendix II). The Panel also conducted a series of hearings in Sacramento, California, and Vancouver, Washington, in December, 198 5, in which researchers on the Spotted Owl and representatives of governmental agencies, the timber industry, and conservation groups, and private citizens presented statements and responded to questions. Participation in these hearings is summarized in Appendix III. The hearings were supplemented by a February, 1986, meeting in Boulder, Colorado, with representatives of the USDA Forest Services responsible for wildlife matters. Finally, the Panel has reviewed relevant parts of the general literature concerning population genetics, demography, and the biology of extinct, threatened, and endangered species to facilitate interpretation of the information available on the Spotted Owl.
In dealing with the Spotted Owl in Washington and Oregon, the Panel identified a general issue: the importance of this bird may well transcend its position as a single vertebrate member of a biological community. Its close linkage with oldgrowth Douglas-fir forests appears to make it a sensitive indicator of the condition and extent of this important plant assemblage. The importance of this assemblage in the Pacific Northwest is not confined to provision oftimber, recreation, scenic values, habitat for an assortment of wildlife, and stable and productive watersheds. Such old-growth forest also supports an array ofenergy capture and nutrient cycling functions that are of fundamental and long-term importance to the ecology of the region (Maser and Trappe 1984). The Spotted Owl in the Northwest is thus a metaphor for a much broader set of environmental concerns.
As the Advisory Panel commenced its activities, it was deemed appropriate to extend attention to the populations of Spotted Owls in northwest California and in the Sierra Nevada (the taxonomy of these populations as it is currently understood is summarized in 1I.A). The former population resembles those in the Pacific Northwest in its close ties with old-growth forest. The latter, which occurs in the forests of the Sierra Nevada from the foothills up to approximately 8000 ft (2438 m) at the southern end of this mountain range, apparently differs from these other birds in not being so rigidly dependent on old-growth forest. We have not dealt with the Spotted Owls in Colorado, Utah, Arizona, New Mexico, or Texas. Of more immediate concern here, we have also omitted consideration of the birds in coastal central and southern California (i.e., in Monterey, San Luis Obispo, and Santa Barbara Counties south) owing to (1) a paucity of information on their habitat requirements, (2) lack of any data on demography, and (3) their probable isolation from more northern populations. G. I. Gould, Jr. (pers. comm.), estimates that this coastal central/southern Californian population contains only about 300 individuals. While not as threatened by timber harvesting as their more northern counterparts, these birds may be confronted by other human impacts. Their situation thus requires continuing surveillance.
In view of the above considerations, it is crucial for readers of this report to understand its major orientation. It speaks to prominent concerns and needs regarding the Spotted Owl over its range in Washington, Oregon, northwest California, and the Sierra Nevada, rather than dealing with the status of this bird only in a particular administrative jurisdiction of any single agency.
II. Present Knowledge of the Spotted Owl in the Pacific States

A. Distribution and Migratory Movements
The Spotted Owl was first described in 1860 by Xantus de Vesey on the basis of a specimen collected two years earlier at Fort Tejon, Kern County, California. Subsequent knowledge ofthe owl' s range, occurrence, and morphological variation resulted in the recognition of three subspecies (Bent 1938 Considerable doubt has always existed regarding the validity of the separation of northern and Californian subspecies. The presumed zones of separation involve a narrow belt extending through portions of Shasta County in northern California and a hiatus through the San Francisco Bay region on the coast. Intense speculation has also existed regarding possible geographic isolation of populations in the Pacific Northwest. In fact, the current position of the Washington Department of Game is that the owl is represented in the state by two discrete gene pools (Juelson 1985) . The population occupying the Olympic Peninsula is considered to be reproductively isolated from owls in the Cascade Range by the non forested regions of the Puget Trough. The Department further hypothesizes that the Columbia River constitutes a barrier that genetically isolates the Cascades population in Washington from that in Oregon. Insufficient data exist at present to test these isolation hypotheses; this subject and its implication are dealt with in greater detail in other sections ofthis report (II.C, V.B).
The extent of movements of the species comprises another matter of uncertainty. Adult Spotted Owls were long regarded as sedentary, whereas juveniles were thought to follow a rather conventional owl pattern of post-natal dispersal. Several recent studies facilitated by radio-telemetric techniques support these views as they pertain to the owls of Oregon and northwest California (Forsman et al. 1984; Gutitrrez et al. 1985; Miller and Meslow 1985) . B. G. Marcot, a member of the interdisciplinary team preparing the Supplemental Environmental Impact Statement to the Pacific Northwest Regional Guide, has recently summarized the combined results of the various juvenile disperal studies. Although 80% of the radio-tagged juveniles dispersed less than 12 mi (19.3 km), some 14% traveled 40 mi (64.4 km) or more, up to a maximum of 62 mi (99.8 km). The ability of some young owls to travel fairly great distances appears to cast further doubt on the effectiveness of the potential geographic barriers mentioned previously. However, much remains to be learned about dispersal distances and success through various types of landscape features and habitats.
A recent radiotelemetry study (Laymon 1985) in the central Sierra Nevada of California has revealed a hitherto undocumented pattern of seasonal migration by adult Spotted Owls. These birds began a downslope movement in late October, dispersing over distances as great as 19.9 mi (32 km), moving southwestward into distinctly different habitats (pine-oak woodland) where they remained until late winter. They returned to their nest sites in the mixed-conifer forest by mid-April. The downslope movement involved an average descent of 2297 ft (700 m; N = 4 birds), which allowed the owls to occupy winter ranges below the level of persistent snow. Laymon (1985) speculated that the behavioral differences (i.e., in habitat, prey utilization, and migration) between the owls of the Sierra Nevada and the populations ofthe Pacific Northwest may reflect genetic differences associated with subspecific differentiation (see 1I.A). However, L. W. Brewer and H. L. Allen (pers. comm.) reported that Spotted Owls in Washington also undertake movements between breeding and wintering ranges. Laymon (1985) correctly asserted that a different spectrum of management challenges is presented by downslope migration in the Sierra Nevada, which brings Spotted Owls into areas that are subject to increasing habitat alteration owing to various human impacts, a situation complicated by the multiple ownerships of the land involved.
B. Habitat Requirements and Prey Base
Habitat relations
Considerable effort has been expended in attempts to characterize definitively the habitat requirements of the Spotted Owl. A precise knowledge of the owl' s habitat needs is of manifest importance to all parties in the controversy re-garding the preservation of the species, as well as the larger issue of perpetuating significant segments of the old-growth Douglas-fir forest ecosystem. Prior to the 1970' s, very little quantitative information had been acquired on the Spotted Owl' s habitat use, local distribution, or abundance, and the bird was usually characterized in field guides and other literature as "rare," "uncommon," or "secretive."
The first published studies to address habitat requirements specifically were those of Gould (1974) (a) Most studies have revealed a close association of the Spotted Owl in the Pacific Northwest and northwest California with dense oldgrowth forest; researchers generally feel that this owl depends on such stands in these areas. A strong correlation appears to exist between age of forest stand and incidence of owl occupancy. Ninety-three percent of 1500 known owl sites in Oregon were in stands exceeding 100 years in age (Forsman et al. 1984 Table 3 -2 in USDA Forest Service 1986).
(c) Because labels such as "old-growth" and "mature" are imprecise and often ambiguous, researchers have characterized optimum Spotted Owl habitat as occurring in forests of uneven age having well-developed stratification (overstory, midstory, understory), with large trees having broken tops and cavities for nest sites, and with a considerable degree of "decadence," i.e., dead snags, many decaying logs, and much debris on the forest floor (see Carey 1985 for review). A detailed summary of specific habitat attributes combining results of all major studies to date is presented in Table 3 The quantity of old-growth within the total home range appears to be the major determinant of home range size; where old-growth is broken up into patches or otherwise fragmented, home ranges are larger (Forsman et al. 1984) . Size of home range as it relates to management guidelines will be treated in section III of this report.
(e) Like most species of owls, Spotted Owls do not build nests but use naturally occurring sites, which are readily available in the type of mature, decadent forests previously described. The great majority of nests in the Pacific Northwest have been found either in broken tree tops or in tree cavities resulting from heart rot; platform nests built by other species are also used if available. In the study by Forsman et al. (1984) 6 of the 47 nests found were in cavities, with platforms accounting for the remainder.
(f) Some attempts (e.g., Barrows 1980; Forsman et al. 1984) have been made to determine the preferred roosting habitat of the owls. Once again, a strong preference for old-growth forest was indicated, with 90% of 645 day-roosting adult owls found in old-growth (Forsman et al. 1984) Weather conditions were observed to have a marked effect on perch position within the canopy. During warm weather, owls tended to roost on lower perches, generally in the understory. On the other hand, they roosted mainly in the overstory conifers during cold or rainy conditions.
(g) Several hypotheses have been advanced to account for the dependence of Spotted Owls on old-growth. Biologists who have studied the species extensively regard some five or six of these as being the most plausible; these have recently been evaluated by Carey (1985) and Gutierrez (1985) . In general, these hypotheses relate dependence on old-growth to: (1) availability of suitable nest sites; (2) provision of appropriate thermal cover, especially for avoidance of heat stress; (3) presence and availability of adequate prey, owing to the complex vegetational structure (treated as two separate hypotheses by Carey (1985) ; (4) protection from predation, especially by Great Homed Owls (Bubo virginianus) or Northern Goshawks (Accipiter gentilis), which presumably are hampered in foraging efficiency by the lack of open flight space under the closed canopy; (5) possible behavioral and physiological specialization owing to a long coevolutionary history of the owls with old-growth forests. Obviously, several of these hypotheses may each be partially responsible for the observed correlation of the owls with old-growth stands.
A potentially serious complication in the habitat relations of the Spotted Owl in northwest California, Oregon, and Washington arises from the recent appearance of the closely related Barred Owl (Strix vuria) in the area. This new arrival displays a wider range of habitat preferences than its relative, but the possibility of competition between the two species exists (H. L. Allen pers. comm.; Allen and Brewer 1985). This could aggravate the problem of maintaining viable populations of Spotted Owls in the area with which this report deals.
The habitat relations of the Spotted Owl in areas outside of northwest California, Oregon, and Washington are not well known, although some data are available for the Sierra Nevada population (assigned to the subspecies Strix o. occidentalis; see II.A), specifically on distribution (Gould 1977 (Gould , 1985 food habits (Barrows 1980; Laymon 1985) and general ecology and migration (Laymon 1985) . Although noteworthy differences in behavior, migration, and food habits have been detected, the preferred nesting habitats in the Sierras resemble structurally those in the Pacific Northwest, in that the owls appear to require mature forests with understory development, good canopy closure, and some degree of decadence (Gould 1977 (e) Sexual dlferences in prey selection. -In addition to the findings on sexual differences in use of foraging habitat mentioned in II.B.2.c the Oregon studies by Forsman et al. (1984) explored the possibility that male and female owls were partitioning food resources in a manner appropriate to the size dimorphism of the sexes; in other words, do males, which are smaller, take smaller prey than females? Results of the analysis revealed no significant differences in either composition of the diet or mean body mass of prey, and it was therefore concluded that no partitioning of food by the two sexes was occurring.
C. Population Estimates and Demography
Population estimates
Because the Spotted Owl is a secretive animal that inhabits relatively inaccessible sites, its precise number is not known. As concern over the owl' s viability mounted and research efforts increased, previous estimates were found to be asymptotic and there is no reason to expect previously undetected owls to boost 
Demography
All witnesses agreed that much more demographic information is required to assess both spatial and temporal variation in life history parameters. Heroic efforts have allowed estimates of some key parameters but for species such as the Spotted Owl, which are characterized by long potential lifespan, low reproduction under the best circumstances, and large geographic range, large sample sizes over long periods of time are required to estimate both means and variances. We cannot overstate the importance of reliable estimates for these means and variances. One of the main threats to the continued survival of small populations is "demographic stochasticity" (Shaffer 198 I), chance variation in survival and reproduction. To say that mean adult survival probability is x%/year does not mean that exactly x% of the adults survive. Survival one year might be x/2% and another year it might be 3x/2%. Similarly, if the mean number of young produced per pair per year is 1, this does not mean that every year all pairs produce one offspring. By chance alone it could be that in one year very few pairs produce any offspring at all, whereas in another year many pairs might produce more than one offspring. Such random variation is inconsequential for large populations, but for small ones it could be catastrophic-a series of bad years could very quickly destroy a small population.
What is known about Spotted Owl demography in the Pacific Northwest and northwest California? Juvenile survival is particularly poorly known. Marcot (1985) suggested that the meager literature on first-year mortality of Spotted Owls (including predispersal fledgling mortality) indicates 39% death total during these stages. Mortality during dispersal was estimated as 80% so that total first-year survivorship is 12%. However, these estimates are based on only 136 and 33 birds, respectively (E. C. Meslow pers. comm.), and there is reason to think that many of the data were gathered during particularly bad years. Bar-rowclough and Coats (1985) used the estimate of 19%, based on fewer data.
Yearly adult survival is also not well known. Barrowclough and Coats (1985) using data from only 26 birds tracked for 4 months to 3 years, and assuming an exponential distribution of adult lifespan, estimated yearly adult survival as 85%, a figure accepted by Marcot (1985) and Marcot (1986) .
Although reports exist of 2-year-old females breeding (Gutierrez 198 The observed demographic data alone give cause for great concern. If first-year survivorship were 0.12, if adults survived thereafter at the rate of 0.80/year, if breeding commenced in the third year, and if each pair produced 0.50 juveniles per year, then the replacement rate (R,) of the population (the mean number of female offspring produced by a female during her lifetime) would be only 0.094. This would mean that, in every generation, the population would be multiplied by 0.094-a population of 3000 pairs would become extinct in four generations for demographic reasons alone, if one used these data in a model with non-overlapping generations that approximates the more complicated overlapping generation model. The generation length, given the estimated age structure and survival and reproduction rates, is about 5 years, so the demographic data, if taken at face value, would predict extinction in 20 years! We hardly think the situation is this dire. After all, if these data on survival and reproduction did not vary from year to year, and if the above values were representative, we could project back just four generations (ca. 20 years) and expect to find over 38 million pairs of owls, an absurdity.
Certain important possibilities have not been taken into account in our considerations thus far.
One is that the demographic parameters were formerly more favorable, but recent drastic changes in survival and fecundity have occurred. This may be true to some extent, but this would not be a sufficient explanation of the dire prediction and absurd projection back in time.
To understand this point, we must return to the notion of demographic stochasticity, and the variation it introduces into the survival and reproduction parameters. Over the long-term, any species with essentially stable population size has an R, of 1 .OO: it exactly reproduces itself. However, in any year R, will not be exactly 1 .OO; some years it will be smaller, other years it will be greater. If we happened to look in a year when it was lower than 1 .OO, and used that lower rate, we would predict rather quick extinction, even if the value employed were only slightly less than 1 .OO. For example, suppose the estimated R, for the Spotted Owl had turned out to be 0.80 rather than 0.094. The same non overlapping generation model would still predict extinction in 36 generations. Moreover, if projected backwards, it would imply that 30 generations ago there were 2.4 million pairs of owls. When we take account of variability, we realize that an estimated R, of less than 1.00 could simply mean that the data were gathered during a series of bad years with abnormally high mortality and/or poor reproduction. Most of the expert witnesses who appeared before the Advisory Panel felt that, to some extent, the latter scenario is correct. However, 0.094 is an extraordinarily low estimated R, and, unless the normal variability of these parameters for this bird is very high, it is reasonable to argue that recent unfavorable changes in these parameters have contributed somewhat to the result. Only further data on variability of the parameters can clarify this matter.
Inclusion of variability to make more realistic models is a complicated matter mathematically and generally requires a computer simulation (e.g., Shaffer and Samson 1985) . Statements such as the above, that the population will go extinct in four generations, are replaced by probabilistic statements: an x% probability exists that the population will go extinct in y years. We have not performed such a simulation, although the general result for small populations is that extinction is likely to be hastened if stochasticity is added so that the same parameters are now viewed as means with a certain amount of variance (Shaffer 198 1; Shaffer and Samson 1985) . We emphasize that, if the mean parameters were anywhere near the values we describe above, the stochastic model would predict quick extinction for the owl, just as the deterministic one outlined above did.
Marcot and Holthausen (1986) attempted just such a simulation, including demographic stochasticity, and also a deterministic model similar to the one outlined above. Indeed, they found in both the deterministic model and all simulation runs that the population crashed quickly. To proceed at all, they chose to increase fecundity to 0.80 juveniles per pair per year and juvenile survivorship to 0.60, in order to approximate, in the deterministic model, the approximate recent population trends observed by E. D. Forsman and G. I. Gould, Jr., in Oregon and California, respectively. These values may be close to representative or they may be wildly optimistic. There are no data to tell us. Marcot and Holthausen (1986) also added stochastic variation to the survival and fecundity parameters, namely the degree of variation observed in several field studies conducted at different times by different investigators. As noted above, it is important to gather more data on such variability to firm up predictions generated by this sort of model; currently available data probably are too meager to allow a realistic estimate of variability. Thus, the Marcot and Holthausen simulation should be viewed as exactly the sort of approach that must be used to assess the likelihood of extinction from demographic stochasticity, once data become available. For now, the method cannot generate predictions in which we can place much confidence, although associated sensitivity analyses can pinpoint which parameters will have the most impact on predictions. This modelling effort must continue in order to give more precise estimates of the role of demographic stochasticity.
In sum, what we can say based on the available data is that the Spotted Owl is a species that, like the California Condor (Gymnogyps cal$xxianus), is characterized by low fecundity and high adult survivorship. Theory plus experience (see below) tell us that demographic stochasticity presents a real danger of extinction to such a species if average population size is low. Simulation models such as those of Shaffer and Samson (1985) and Marcot and Holthausen (1986) can say just how great the danger is from this source depending on exactly how low the population size is, but such models require more accurate estimates of the parameters and their variability than are currently available. The fact that a population of 3000 pairs could be predicted to face extinction in only four generations with observed parameter values, even without stochasticity, suggests that the population size is already "low" in this context. This may be especially so-the assumption has been that the rapid decrease in both deterministic and stochastic models with observed parameters is largely a result of a series of unfavorable years resulting in atypical parameter estimates. However, there is no direct evidence that such parameters are not representative, or nearly representative, of the owl in present conditions.
D. Longer-term Considerations
Preservation of heterozygosity
Small populations tend to lose genetic variability. There are two potential detrimental effects. First, it is possible that there will be insufficient genetic variation for the population to respond to subsequent environmental change. The population will decline for want of genotypes that can survive and reproduce well in the new environment. Second, small populations have an increasing fraction of homozygotes (for any genetic locus) for two reasons-genetic drift is greater in small populations, so alleles are lost (as noted above), and inbreeding is greater in small populations. In many (but not all) species, increasing homozygosity is accompanied by lowered fitness, apparently for two reasons. First, there is an increasing likelihood that an individual will be homozygous for lethal or severely deleterious alleles. Second, individuals that are heterozygous for more loci tend to be more fit, even if no single locus codes for a lethal or severely deleterious trait. The reason for this tendency is unknown, but the tendency is well established.
For both effects (insufficient genetic variation and increasing homozygosity), we wish to know how large the population must be if it is not to be threatened. However, the population sizes we must estimate are "effective population sizes" (N,) rather than censused population sizes (N). The only circumstance under which the two population sizes are identical is if the sex ratio is 1: 1, the numbers of individuals do not change, all individuals of either sex can potentially mate with all individuals of the opposite sex, and all individuals contribute genes equally to the next generation. Any deviation from these conditions causes N, to be lower than N. Examples would be some individuals producing more offspring than others, or a population so widely dispersed that individuals in one part of the range cannot mate with those in another part. For a specified censused population size and a particular deviation of conditions from the assumptions, equations are available that tell what the effective population size is. One can view the effective population size as the size of the population from the standpoint of genetic drift-a population with small N, is one that loses alleles at a high rate, no matter what the censused population is. Without going into extensive mathematical details, we can state that an apparently small deviation from the stated conditions often produces a surprisingly large decrease in N,.
There is no accepted view of how large a population must be to contain sufficient variation for evolution in the face of changing environments. Drift always causes variation to be lost while mutation introduces new variation and natural selection acts on this new variation. A widely cited estimate (Franklin 1980) that an N, of 500 (which would frequently translate to a censused population of at least 1000) is required to preserve sufficient genetic variation cannot be supported on two grounds. First, it rests on only one trait (bristle number) in one species (a fruit fly); second, it is based on a model that assumes no natural selection. Lande, on whose paper (Lande 1976 ) Franklin based his analysis, says only that the number N, = 500 is "about the right order of magnitude" [SO-50001 and "subject to substantial scientific uncertainty" (Lande and Barrowclough 1986). For now, we can specify no minimum threshold number of individuals that would render the Spotted Owl immune to the problem of insufficient genetic variation. We can say that there is an increasing likelihood of a problem from this source the smaller the population is.
For the threat of increasing homozygosity, we can do substantially better, even though no direct evidence is currently available for the Spotted Owl documenting decreased fitness of very homozygous individuals. There is every reason to believe that adequate data on fecundity and longevity of individuals with different degrees of homozygosity would indicate the more homozygous ones to be less fit on average (Ralls and Ballou 1982a , 1982b , 1983 . We cannot predict how severe this effect will be, as it is of different magnitudes in different species. But the effect is present in the vast majority of species that have been closely examined.
Because empirical data are available from animal breeders, there is a widely accepted rule of thumb that fitness will probably be adversely affected if the effective population size falls below 50 and will not likely be affected if it stays above this number. This is not a theoretical approach; it is simply an average gleaned from experience with several species. The census number that allows an N, of 50 depends on the degree to which the species violates the conditions outlined above, but it can be much greater than 50.
How does the present Spotted Owl population stand with respect to effective population size, and what would be the effect of a management plan that substantially reduced the current census number? Barrowclough and Coats (1985) have attempted to deal with this question. Based on the very incomplete demographic information discussed above, they concluded that currently the Spotted Owl population is equivalent to a metapopulation divided into several demes, each with an effective population size of about 220. If the censused population were reduced to about 1800 adults, they find the effective population size for the demes would fall to about 87. If this were so, in turn, it would still leave N, above the critical number of 50, but not by much.
We find two potential problems with this analysis, both ofwhich would tend to lower N,. First, Barrowclough and Coats specifically assumed that the demographic traits of the birds, including mortality and reproductive rates, would not be affected by increasing patchiness of the environment if the population were reduced through habitat alteration. There are many ways in which this assumption could be violated. As just two examples, we suggest that survivorship would be reduced as young owls disperse, because they would have to go farther, and that reproduction might be lower because there would be fewer prospective mates. Second, Barrowclough and Coats used the equation of Wright (1969) for populations continuous over an area. The Spotted Owl population is not continuous over its range; many regions are uninhabited because the present habitat is not suitable. Wright also derived an equation for the situation where a population is dispersed only in a narrow strip: 1 -dimensional rather than 2-dimensional. For similar demographic parameters, N, for the 1 -dimensional equation is much less than for the 2-dimensional equation. It appears to us that the Spotted Owl falls somewhere between these two extremes. The outline of the proposed network in the management plan suggests that owls certainly cannot successfully disperse in all directions from most proposed sites. Rather, at best they will have sites accessible in three of four directions and in many cases the proposed sites are in lines, as in Wright' s 1 -dimensional model, though the lines will be relatively close together relative to observed owl dispersal distances. Without more knowledge of the owl' s dispersal behavior we cannot say more than this, but we believe the effective population sizes may have been somewhat overestimated by Barrowclough and Coats on this account.
In sum, there is no reason for complacency about such small effective population sizes. They seem to be right around a point that has been found insufficient in several other species (Frankel and SoulC 198 I), although there is so much uncertainty about the data that current estimates must be viewed as preliminary. Nevertheless, at least until we learn more about the effect of homozygosity on Spotted Owls, it appears to us that the threat from demographic stochasticity is greater, certainly in the short-term, than that from increasing homozygosity.
Extrinsic forces
A small population can be gravely threatened by fluctuations in the biotic and abiotic environment. Epizootic diseases, an extraordinary number of predators, a temporary decline in the prey base, adverse weather-all these irregularly occurring events impinge on any population and, through their effects on survival and reproduction, can produce major population declines. They exacerbate the "normal" contribution of demographic stochasticity. Because small populations are much closer to zero to begin with, a greater probability exists that such events can cause extinction. As one example, if an unusual mortality source were density-independent and increased each individual' s probability of death to D, the probability that the entire population would go extinct would be DN, which is a rapidly decreasing function of the population size, N. Probably for any unusual threat one could produce more or less complicated mathematical models, but they would all be idiosyncratic and it would be difficult if not impossible to generalize about how large a population must be to attain immunity to threats of this nature. For some sorts of threats, such as diseases, a certain amount of fragmentation of the metapopulation into partially isolated demes is likely to help mitigate the effect (Simberloff and Abele 1982). All we can say is that stochastic events of this kind are much more likely to impinge heavily on a species with few individuals, such as the Spotted Owl.
E. Extinction: Historical Lessons for Management of Spotted Owls
Overview
To put these threats to the Spotted Owl in perspective it is useful to talk generally about the difficulties that small populations have in persisting and then about empirical observations. Extinction can be viewed as a two-stage process. Tabulations of historical extinctions of vertebrates show that the overwhelming majority were ultimately anthropogenous-human activity such as habitat destruction and hunting initiated a trajectory that inevitably led to extinction of the particular species (references in Simberloff 1986). However, in many instances these activities ceased well before extinction occurred. What seems to have happened is that reduction of a population from many thousands down to very few thousands or hundreds entrained certain biological processes that ensured extinction even without the persistence of the initial anthropogenous stress. So even though the ultimate cause of recent extinctions can almost always be ascribed to human activity, the proximate causes-the reasons why reduced populations do not usually stabilize at low numbers-are functions of population biology and are currently under intense study (Soul& 1983 ).
Broadly speaking, there are four reasons why very small populations are not likely to persist: (1) demographic stochasticity; (2) genetic deterioration; (3) extrinsic forces; (4) social dysfunction. We have defined and discussed (l)-(3) above with respect to the Spotted Owl. Social dysfunction arises in two ways. First, certain species have characteristic social behavior that renders them especially vulnerable to extinction-for example, group mating displays (Soul5 1983). Second, once a population is very small there may be too few individuals to stimulate or consummate some critical behavior, such as some sort of group stimulation of mating behavior. For the Spotted Owl no such behavior has been described. We see in this tale that at least three factorsdemographic stochasticity, genetic deterioration, and extrinsic forces-played a role in the demise of the Heath Hen, and that this trajectory or some version of it was inevitable even after direct human destruction had stopped. The population, even when it reached 2000, was sufficiently small that there was high likelihood that one or more of these factors would reduce it greatly and, ultimately, take it to extinction.
Historical extinctions
The travail ofthe Heath Hen is the best studied extinction process for a bird. However, various of the factors enumerated above can be strongly implicated in other species such as the Ivorybilled Woodpecker (Campephilusprincipalis) and the Carolina Parakeet (Conuropsis carolinensis). Two related threads run through many avian (and other) extinctions: numerical decline and habitat specialization. As numbers decline, the four forces already discussed become ever more likely to lead to extinction. Species with narrow habitat requirements are often subjected to a double threat. As their habitats become reduced and progressively more patchily distributed, not only are numbers reduced but formerly continuous populations are depleted. This depletion fragments these formerly single populations into a series of small populations having very limited interactions. At this point the threat is much greater for two reasons. First, each small population is much more likely to undergo extinction than is a single large population, simply because its numbers are smaller. Second, once a small population is eliminated by any means (environmental catastrophe, demographic stochasticity, etc.), the site is much less likely to be recolonized than would be a piece of suitable habitat embedded in a large, continuously inhabited range.
The Ivory-billed woodpecker, which inhabited virgin hardwood forests of the southeastern United States, is the classic example of the vulnerability of a species tied to old-growth habitat. The major logging activity leading to the extirpation of these woodpeckers took place between 1885 and 1910-15 (Tanner 1942) , and the disappearance of the birds in a particular area coincided closely with timber cutting. The last record of breeding ivory bills was in 1939 in a remnant tract of virgin forest, only about 15 years after the major logging activity in the region. The fate of Ivory-billed Woodpecker illustrates that once the habitat of a specialized species, even one with a large geographic range, is largely destroyed, extinction can occur very rapidly.
Endangered species
Many extinct and endangered species, such as the Heath Hen and Whooping Crane (Gus americana), became or have become concentrated in a single geographic area. Such a circumstance leads to an increased probability that one or a few chance events will eventually lead to extinction. Recognition of this fact led the U.S. (Mayfield 1978 ). This decline was attributed primarily to the effects of Brownheaded Cowbirds (Molothrus ater) on the nesting success of the warblers. Emergency measures were initiated to control cowbirds in the breeding areas and to manage large tracts of national and state forest lands exclusively for the warblers. These strong measures stemmed the decline in numbers of breeding birds, but over the past decade they have not led to an increase. However, without human intervention the species would probably be extinct today (Mayfield 1978) .
One might argue that species composed of few individuals can persist over time and that several hundred pairs of Spotted Owls should be sufficient to preserve the species in the area dealt with in this report: Oregon, Washington, northwest California, and the Sierra Nevada. The Whooping Crane, Snail Rite, and, possibly, Kirtland' s Warbler (Table III) might be regarded as cases supporting this viewpoint. However, such a conclusion would be spurious. Although numbers of cranes and kites have increased dramatically on a percentage basis over the past few years, their ranges remain so restricted and/or their habits so specialized that a single catastrophic event could exterminate them. Similarly, the Kirtland' s Warbler continues to be extremely susceptible to an unpredictable event, either on its breeding or wintering grounds. Despite concentrated major efforts on its behalf, this species has not increased in numbers over the past 15 years. In short, the increased or stabilized numbers of these three populations probably should be viewed as no more than minor interludes on a time-numbers chart; the birds are almost as vulnerable to environmental perturbation as when their respective numbers were at their lowest. Although all of the species' scenarios we have discussed above have points in common with and points in which they differ from the case of the Spotted Owl, the two species that stand out as the most instructive are the Ivory-billed and Red-cockaded Woodpeckers. In each case the bird has (or had) a broad geographic range but is (or was) restricted to old-growth forest. Such forest was originally widespread throughout the bird' s range, but was reduced in extent, becoming increasingly patchy. The Ivory-billed Woodpecker was eventually reduced to just one restricted population and the elimination of that population constituted extinction. The Redcockaded Woodpecker is in the process of being reduced to small and increasingly isolated populations. Little imagination is required to see either the Red-cockaded Woodpecker or the Spotted Owl' s following a tragic trajectory similar to that of the Ivory-billed Woodpecker. Because this owl seems so highly dependent on oldgrowth forest in most of the area with which this report is concerned, because its reproductive rates are so low and variable, and because established adults are extremely sedentary, the possibility of its extinction as its habitat is further reduced must be taken seriously. The range of the Spotted Owl is still large, a circumstance making it appear that this bird is immune to the sort of catastrophe that ultimately befell the Heath Hen. But the Heath Hen, and, more analogously, the Ivorybilled Woodpecker once had large, continuous ranges and each of these was eventually eroded to a point where only a single, narrowly distributed population remained.
With these concerns founded on the fates of several North American bird species in mind, we urge conservatism and additional research (see V.B) in development of management schemes for the Spotted Owl. The key point to be gained by review of the fates of other specialized North American bird species is that a conservative approach is essential. Currently available options must not be foreclosed. In particular, if the number of owls is reduced below some as yet undetermined minimum, extinction might ensue so quickly that no action could stop it.
III. Alternatives Presented by the USDA Forest Service for Management of Spotted Owls in the Pacific Northwest Region
Much of the information that the Advisory Panel has received pertains to the status and prospects of the Spotted Owl on national forests of the Forest Service' s Pacific Northwest Region. We have tried to maintain a broader orientation than this, extending our concern to populations in northwestern California and the Sierra Nevada, which we believe are linked with their more northerly counterparts via suitable habitat in the national forests of Northern California and southern Oregon. We are convinced that our orientation toward developing recommendations for maintenance of viable populations of Spotted Owls over a broad geographical area in the Pacific states is more sound biologically than confining our attention to one regional jurisdiction of the Forest Service. Moreover, it calls attention to the vital role that other agencies-federal, state-as well as private interests should play in: (1) maintaining suitable habitat for Spotted Owls where it presently exists in land under their respective jurisdictions; and (2) restoring key parts of the historic range of these birds (e.g., coastal portions of southern Washington and northern and central Oregon).
Our recommendations speak to the numbers of Spotted Owls needed to assure maintenance of a viable population for Oregon, Washington, northwest California, and the Sierra Nevada, but we cannot ignore the management alternatives that are likely to be included in the Supplemental Environmental Impact Statement under consid- discussed previously (II.B) , the for on-site implementation of the selected planhome ranges of Spotted Owls vary considerably, ning alternative; (4) conscientious execution of presumably in relation to quality and structure the final management plan and implementation of habitat (including degree of fragmentation). standards; (5) unambiguous accountability for Thus use ofaverage figures for management stan-item (4); (6) periodic evaluation (monitoring) to dards will fall short of meeting the needs of the assure that the plan is working; (7) research on above-average segment of the population. Most major unknowns; and (8) adaptation of the manof the management alternatives under review by agement plan to new knowledge. the Forest Service reflect a concern for mainteThe significance of the problem (item 1 above) nance of heterozygosity through prevention of is indicated by the many published studies and excessive inbreeding. Habitat areas are to be no analyses summarized in previous sections of this more than 12 mi (19.3 km) apart when arranged report; by laws such as the National Environin clusters of three. With single habitat areas, the ment Policy Act, the Endangered Species Act, distance is not to exceed 6 mi (9.7 km). The and the National Forest Management Act; and concern with establishment of a network of Spot-by public pressures expressed in court actions. ted Owl habitats is well taken. The network is Because we believe that most decision makers critical not only from a genetic standpoint but sincerely want to manage resources in accoralso for facilitating repopulation of areas lacking dance with the public' s wishes (item 2), we adone or both members of an owl pair as a result dress here only items (4), (5), and (6). Items (7) of predation or other stochastic event. With our and (8) 
IV. Implementation and Monitoring of Management Efforts
A. Implementation
Any management plan developed to assure longterm maintenance of Spotted Owls can achieve that objective only with effective implementation. We have learned of several cases where implementation of current Forest Service direction for Spotted Owls has fallen short of the stated standards and guidelines. Elements essential for effective implementation of any plan include If the plan is clearly written, its execution should largely follow as from a cookbook. However, such a plan should contain some provision for flexibility consistent with final goals, to deal with unforeseen contingencies and new information. For example, certain objectives may not be immediately attainable because required conditions are unavailable. In such cases, a manager should select the alternative most likely to assure early attainment of these objectives. In this connection, implementation of present Forest Service standards and guidelines for Spotted Owls sometimes has resulted in the selection of habitat areas later found to be devoid of owls. Some of these areas even fail to meet the minimum management requirements. Instead, they were selected to fulfill network criteria, thus satisfying another requirement of the guidelines and assuring, through management for eventual old-growth conditions, that a fully functional network will eventually become established. Nevertheless, because the network has been developed to assure long-term maintenance of the population, it must also provide immediately for a sufficient number of breeding pairs, lest irreversible deleterious effects ensue. Given present uncertainties about what that exact number is, we should not risk formance standards, as is now done only for timforeclosing future options for attaining various ber targets. For brevity, some of the minor atlevels of population viability by reducing the ac-tainments might still be itemized by reference to tual number of breeding pairs below a level currently viewed as "safe" (see V.B. 1). Consequently, for each habitat area in the network that cannot be shown (by repeated on-the-ground surveys) to have a breeding pair of owls, an interim home range with a known breeding pair should be added to the network. We define "interim" here as the period extending until such a time as the network site is confirmed to have use/occupancy by a breeding pair of Spotted Owls.
C. Identifying Accountability the Manual.
D. Periodic Evaluation (Monitoring)
An effective monitoring system is needed to determine (1) occupancy rate of habitat areas in the network by breeding pairs of Spotted Owls, (2) population level and structure, and (3) reproductive rate. The data provided by this system are crucial to determination of whether management directions are being met and whether these directions are adequate for maintenance of viable population levels. Details of any proposed monitoring system should be subjected to review Accountability should fall to those who make by specialists outside the lead agency for the area decisions. Apparently this process can founder involved. In addition, because a viable populain the Forest Service as well as in other agencies tion of Spotted Owls requires an area vastly largand organizations, because of a high turnover er than that of any national forest, the implerate among line officers. The person who made mentation, execution, and administration of a the key decisions not infrequently has been trans-monitoring program should be the direct referred by the time a problem is discovered. We sponsibility of the state or regional line officers have no easy remedy for this situation, although in the agencies dealing with that area. Perforlonger tours of duty for line officers would help. mance standards of those officers should be clear More effective use of the current performance and explicit on this matter. Current arrangeevaluation system would also be valuable. For ments concerning monitoring and accountability example, a sample of performance standards for for it impress the Advisory Panel as inadequate Forest Supervisors and District Rangers con-to accomplish the objectives. Additional funding tained only one direct mention of Spotted Owls. or redirection of existing funding undoubtedly Management attainment items typically were will be required, if improved arrangements for identified only by reference to sections of the accountability and monitoring are to be fully efForest Service Manual, making it difficult for the fective. uninformed to understand what these attainments really should be and how they might relate to Spotted Owls or other resources. In contrast, V. Future Research this was not true of attainments associated with A. Introduction timber outputs and forest regeneration. These The many uncertainties regarding the ecology of were usually identified specifically in the stan-the Spotted Owl and translation of ecological data dards, in addition to being referenced to sections into an effective management plan help to idenof the Manual. Some would construe this as evitify several topics about which additional infordence that multiple-use management in the Formation is needed. We hope that procurement of est Service really means timber first and other this information will ultimately allow relaxation resources second.
of some of the guidelines recommended in this We suggest that accountability for wise stew-report, especially those relating to the number of ardship of all resources in our national forests breeding pairs required for maintaining a viable would be better accomplished with a different population and the area of old-growth forest approach to the yearly writing of performance needed to support each of those pairs. standards, especially those of Forest Supervisor It is vital that periodic consultation and coand District Rangers. Specifically, targets, at least ordination (at least annually) occur among the for the major attainments in each resource cat-various principal investigators undertaking this egory (e.g., timber, wildlife and fisheries, range, research. These efforts will assure (1) that dupliwatershed, soil, recreation, and cultural) should cation of effort occurs only when needed for repbe spelled out clearly and specifically in the perlication of key studies or to understand the nature of geographic variation in various parameters of Spotted Owl ecology and behavior, and (2) that comparable methods will be used when necessary and appropriate. It is also important to remember that the purpose of the research undertaken is to increase the effectiveness of the management effort. Provision must be made for translating new information from research, following collation and rigorous analysis, into improvements in the management plan. Just as the results from monitoring and the management plan form one feedback loop, research and this plan form another.
B. Research Topics
At least seven major areas of Spotted Owl biology require further study. Where appropriate, we have identified subcategories within those areas, with a brief explanation of why the information is needed and, occasionally, some opinions regarding appropriate methods. Finally, we have assigned priority rankings (on a scale of 1 to 5, with 1 the highest priority) based both on the urgency of the requirement for the information and on how accurate we believe existing data to be. We supplement the comments provided in this section with Appendix III, which contains estimates of the costs of the research program proposed. Research on the above items will provide badly needed information on the structure of Spotted Owl populations. These items need study over an extensive geographic area in relation to habitat characteristics and home range size, especially in old-growth areas. We recommend against the use of radio-transmitters on juvenile Spotted Owls because of uncertainty about the effects of these devices on juvenile survivorship. Radiotelemetry is a standard and highly successful technique for adult raptors. The Advisory Panel' s concern relates to the possible encumbrance a transmitter represents for a young bird during the period in which it is perfecting its hunting and flying skills. This demographic research would be aided significantly by technology permitting identification of individual Spotted Owls by voice. Prompt efforts to secure this technology, forms of which appear to exist now, should be undertaken.
Dispersal of Spotted Owls a. Possible barriers (Priority 1)
The Puget Trough and the Columbia River might be significant barriers to dispersal of Spotted Owls to and from the Olympic Peninsula and between Washington and Oregon, respectively. Knowledge of these barriers substantially affects the decision on the number of breeding pairs needed to maintain a viable population, so an early resolution is critical. Banding of predispersal young, analysis of mitochondrial DNA and allozymes in owls from both sides of these potential barriers, and assessment of homing by territorial adults displaced across the barriers could facilitate resolution of this question. We recommend against use of radiotelemetry not only for the reason specified in V.B. 1, but also because the effort would require an inordinate number of transmitter-equipped birds.
b. Juvenile dispersal (Priority 3)
Little information is available about the mean dispersal distance for birds that survived and reproduced. Thus, further studies of this topic are needed. Records of banding returns available from the U.S. Fish and Wildlife Service should be searched, if this has not been done already. In addition, an extensive program of banding predispersal young should be implemented, followed by intensive searches to relocate as many of those birds as possible. As above, we recommend against further use of radio-transmitters for this purpose. Most of the remaining habitat suitable for Spotted Owls in Oregon, Washington, northwest California, and the Sierra Nevada is on public land administered by several agencies, primarily the Forest Service. The management plan being developed by this agency will inevitably involve a reduction in habitat available for these owls as timber harvesting proceeds. The specialized habitat requirements of the Spotted Owl, which extensively involve old-growth Douglas-fir in northwest California and the Pacific Northwest, will undoubtedly make a decline in the population of this bird a prominent consequence of this reduction. Depending on the management alternative adopted, this could involve over half of the Spotted Owls currently living in this area. Such a conscious decision for population reduction to a critical level in a non pest species must surely be unique in the history of wildlife management. The current population of Spotted Owls in California, Oregon, and Washington already is as low or lower than some of the species or subspecies considered by the USFWS to be endangered. Historically, population declines and/ or extinctions of North American birds precipitated by human actions have been based on ignorance of one sort or another. However, in this case a considered judgment of a federal agency could begin or accelerate an irreversible decline in the Spotted Owl in northern California, Oregon, and Washington. We caution that more may be involved here than the maintenance of a viable population of a single species of vertebrate. The role of the Spotted Owl as an indicator of the condition and extent of old-growth Douglas-fir forest inevitably links its status with that of some basic relationships concerning energy capture and nutrient recycling within old-growth that are probably of inestimable functional importance to the overall ecology of the Pacific Northwest.
The Advisory Panel has attempted to be as risk-averse as possible in the development of its recommendations for Spotted Owls over the area ofwashington, Oregon, northwest California, and the Sierra Nevada. While no recommendations can be risk-free, we do believe that ours give a reasonable chance of protecting the birds in the near term, as well as avoiding the foreclosure of options that may be needed as further information is obtained. The best prospect is the maintenance of a sufficient number of Spotted Owls over a broad enough area and it is this combination our recommendations are designed to provide.
The crucial parts of our recommendations, of course, deal with the number and distribution of Spotted Owls that we judge to provide a reasonable prospect for maintaining a viable population in Oregon, Washington, northwest California, and the Sierra Nevada. Nonetheless, it is vital that we also offer guidelines concerning implementation of any management plan and the research needed to put management of the owls on the firmest basis possible. We therefore put forward our recommendations organized into three categories reflecting these considerations. Table III ) only because the Spotted Owl has a widespread and relatively uniform distribution over this area, in contrast to the restricted distributions characterizing most birds currently regarded as endangered. Our numerical recommendation is thus predicated on the maintenance of this broad distribution. To put the minimum number of 1500 pairs in perspective, we must point out that it represents a decline of 25% from the presently confirmed level of 2000 pairs for the area to which our recommendation pertains. We believe that management proposals involving any smaller numbers of Spotted Owls are unrealistic and incapable of ensuring viability, especially in the absence of firm data concerning important aspects of the owl' s population dynamics.
Regarding implementation of this recommendation, we assume that responsibility for maintenance and monitoring of the local populations of Spotted Owls must involve a broad spectrum of federal, state, and private organizations. The Forest Service manifestly will have to assume the lead role in these activities, by virtue of the extensive areas of habitat contained in the national forests. However, the Bureau of Land Management will also have a particularly vital role to play. Indeed, the completion ofthe habitat network critical to sustaining a proper distribution of the owls is heavily dependent on BLM lands in Oregon.
(2) Current geographic distribution of the Spotted Owls in Oregon, Washington, northwest California, and the Sierra Nevada should be maintained through a habitat network system like that under development by the Forest Service and cooperating agencies (see II.D-E, III., IV.B, 1V.D). As noted above, this recommendation is inseparable from that specifying the number of pairs of owls. All habitat management areas targeted for the network must have specific map locations that are readily identifiable by the pub-lit. The need is to provide immediately for a sufficient number of breeding pairs of owls. Because the present network system includes many habitat areas that are unoccupied by Spotted Owls, an equal number of "interim" home ranges with known breeding pairs should be added to the network until the areas originally included in the network plan are shown to contain breeding pairs. These interim home ranges should be compatible with the dispersal guidelines used to develop the network. To assure that the network is fully integrated, it is especially important that the segment of it on lands administered by the Bureau of Land Management between the Coast Range and the Cascades in Oregon be included. It is equally critical that all existing home ranges in the Shasta County, California, portions of the Shasta and Lassen National Forests be protected to sustain the linkage across State Highway 299 between the Sierran and northwest Californian segments of the Spotted Owl population with which we are concerned. Acquisition of private land containing active home ranges in this area could significantly contribute to maintenance of this linkage.
(3) The view that an efective breeding population of 500 always @ices to maintain suficient genetic variability for subsequent evolution in a changing environment should be discarded from managementformulations (see 1I.D). As we note in this report (1I.D. l), the value of 500 for effective population size (NJ rests on a poor model applied to one trait in fruit flies. No particular value of N, can guarantee adequate genetic variability against all environmental contingencies. Moreover, one cannot specify the probability that sufficient genes will exist in a population of particular size without defining the magnitude and nature of the changes confronting it. Unfortunately, these changes cannot be forecast. Therefore all one can say is that the species may be endangered by insufficient genetic variability and that there are fewer alleles, other things being equal, in small populations than in large ones. The Advisory Panel believes that adverse developments for the Spotted Owl arising from demographic and environmental stochasticity are more immediate concerns than loss of heterozygosity and possible inbreeding depression. (2) A well-designed monitoring system should be implemented on a sample basis (see 1V.D). This system must give reliable estimates of (a) the proportion of network home ranges supporting breeding pairs of Spotted Owls and (b) reproductive rates in relation to population maintenance. The results this system provides should be subject to ongoing review, to determine whether adjustment of the management effort is required. These results should be subject to periodic review by the public.
D. Recommendation for Research
(1) A well-designed program of intensive and extensive research should be undertaken as soon as possible (see V.B). Uncertainty about several critical features of the population biology of the Spotted Owl preclude development of a "failsafe" management plan at this time. These are reflected in the priorities accorded our various research recommendations. General guidelines for appropriate studies, accompanied by preliminary estimates of costs, are provided in Appendix IV. It is important that management plans be responsive to new information arising from research efforts, following its collation and thorough analysis.
VII. Summary and Synopsis of Recommendation
The Scientific Advisory Panel on the Spotted Owl has developed a set of recommendations concerning the maintenance of the viability of this bird in an area that includes Oregon, Washington, northwest California, and the Sierra Nevada. Some of these deal with the number of birds required, their distribution, and area of their home ranges. The remainder concern implementation and monitoring of management plans, and research needed to increase the precision of the management effort. Our approach differs from that used by the agencies, notably the USDA Forest Service, for it emphasizes number of birds rather than number of habitat areas, and it deals with a natural segment of the Spotted Owl' s distribution in the Pacific states rather than a single administrative jurisdiction of a particular agency. Our orientation has been prompted by two considerations: biological reality and the need to involve in the management effort the whole series of agencies administering land containing suitable habitat for these owls in the Pacific Northwest, northwest California, and the Sierra Nevada.
Our recommendations consist of the following:
(1) The management program for Spotted Owls in Oregon, Washington, northwest California, and the Sierra Nevada should be directed to maintenance of a minimum total of 1.500 pairs of these birds.
(2) Current geographic distribution of the Spotted Owls in Oregon, Washington, northwest California, and the Sierra Nevada should be maintained through a habitat network system like that under development by the Forest Service in cooperation with other agencies.
(3) The view that an eflective breedingpopulation of 500 always s&es to maintain sujicient genetic variability for subsequent evolution in a changing environment should be discarded from management formulations. 
